We compute the decay width of h 0 → cc in the MSSM with quark flavor violation (QFV) at full one-loop level adopting the DR renormalisation scheme. We study the effects ofc −t mixing, taking into account the constraints from the B meson data. We show that the full one-loop corrected decay width Γ(h 0 → cc) is very sensitive to the MSSM QFV parameters. In a scenario with largec L,R −t L,R mixing Γ(h 0 → cc) can differ up to ∼ ±35% from its SM value. After estimating the uncertainties of the width, we conclude that an observation of these SUSY QFV effects is possible at an e + e − collider (ILC).
Introduction
The properties of the Higgs boson, discovered at LHC, CERN, with a mass of 125.15 ± 0.24 GeV (averaged over the values given by ATLAS [1] and CMS [2] ) [3] , are consistent with the prediction of the Standard Model (SM) [4] . Future experiments at LHC at higher energy ( √ s = 14 TeV) and higher luminosity will provide more precise data on Higgs boson observables, as Higgs production cross sections, decay branching ratios etc.. Even more precise data can be expected at a future e + e − linear collider (ILC). This will allow one to test the SM more accurately and will give information on physics beyond the SM. The discovered Higgs boson could also be the lightest neutral Higgs boson h 0 of the Minimal Supersymmetric Standard Model (MSSM) [4, 5] .
The decays of h 0 are usually assumed to be quark flavor conserving (QFC). However, quark flavor violation (QFV) in the squark sector may significantly influence the decay widths of h 0 at one-loop level. In particular, the rate of the h 0 decay into a charmquark pair, h 0 → cc, may be significantly different from the SM prediction due to squark generation mixing, especially that between the second and the third squark generations (c L,R −t L,R mixing). This possibility will be studied in detail in the present paper.
It is well know that the mixing between the first and the second squark generations is strongly suppressed by the data on K physics [6] . Therefore, we assume mixing between the second and the third squark generation, respecting the constraints from B physics. In the MSSM this mixing was theoretically studied for squark and gluino production and decays at the LHC [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The outline of the paper is as follows: In Section 2 we shortly give the definitions of the QFV squark mixing parameters. In Section 3 we present the calculation of the width of h 0 → cc at full one-loop level in the DR renormalisation scheme with quark flavor violation within the MSSM. In particular, we give formulas for the important one-loop gluino contribution. In Section 4 we present a detailed numerical analysis. In Section 5 we study the feasibility of observing the SUSY QFV effects in the decay h 0 → cc at ILC by estimating the theoretical uncertainties. Section 6 contains our conclusions. which is defined by eq. (7) with α = β = 3. All QFV parameters and δ uRL 33 are assumed to be real. We study the decay of the lightest neutral Higgs boson, h 0 , into a pair of charm quarks ( Figure 1 ) at full one-loop level in the general MSSM with quark flavor violation in the squark sector. The full one-loop decay width of h 0 → cc was first calculated within the QFC MSSM by [18] . The decay width of the reaction h 0 → cc including one-loop contributions can be written as
The tree-level decay width Γ tree (h 0 → cc) reads
, with N C = 3 ,
where m h 0 is the on-shell (OS) mass of h 0 and the tree-level coupling s c 1 is
Here α is the mixing angle of the two CP-even Higgs bosons, h 0 and H 0 [19] . In the general MSSM at one-loop level, in addition to the diagrams that contribute within the SM, δΓ 1loop (h 0 → cc) also receives contributions from diagrams with additional Higgs bosons and supersymmetric particles. The contributions from SUSY particles are shown in Figure 2 , neglecting the contributions from scalar leptons. The flavor violation is induced by one-loop diagrams with squarks that have a mixed quark flavor nature. In addition, the coupling of h 0 with two squarksũ iũj (see eq. (65) of Appendix A) contains the trilinear coupling matrices (T U ) ij which for i = j break quark flavor explicitly.
The one-loop contributions to Γ(h 0 → cc) contain three parts, QCD (g) corrections, SUSY-QCD (g) corrections and electroweak (EW) corrections. In the latter we also include the Higgs contributions. In the following we will mainly give details for the QCD and SUSY-QCD corrections.
Renormalisation procedure
Loop calculations can lead to ultraviolet (UV) and infrared (IR) divergent result and therefore require renormalisation. In order to get UV finite result we adopt in our study the DR renormalisation scheme, where all input parameters in the tree-level Lagrangian (masses, fields and coupling parameters) are UV finite, defined at the scale Q = 125.5 GeV m h 0 , and the UV divergence parameter ∆ = 2 − γ + ln 4π, where = 4 − D in a D-dimemsional space-time and γ is the Euler-Mascheroni constant, is set to zero. The tree-level coupling is defined at the given scale and thus does not receive further finite shifts due to loop corrections. In order to obtain the shifts from the DR masses and fields to the physical scale-independent masses and fields, we use on-shell renormalisation conditions. To ensure IR convergence, we include in our calculations the contribution of the real hard gluon/photon radiation from the final charm quarks assuming a small gluon/photon mass λ.
The one-loop corrected width of the process h 0 → cc including hard gluon/photon radiation is given by
where
The main one-loop contributions with SUSY particles in h 0 → cc. The corresponding diagram to (e) with the self-energy contribution to the other charm quark is not shown explicitly.
Note that all parameters in the tree-level coupling s c 1 , eq. (10), are DR running at the scale Q = 125.5 GeV. The renormalised finite one-loop amplitude of the process is a sum of all vertex diagrams, the amplitudes arising from the wave-function renormalisation constants and the amplitudes arising from the coupling counter terms. Note that in the DR renormalisation scheme the counter terms contain only UV-divergent parts and have to cancel in order to yield a convergent result. The one-loop renormalised coupling correction can be written as
where δS
is the vertex coupling correction, δS
is the wave-function coupling correction and δS 
where s 
and the Higgs wave-function renormalisation constants for the case of h 0 − H 0 mixing are given by
with the tadpole contribution
where c α = cos α and s α = sin α. τ h 0 and τ H 0 are the loop corrections from the tadpole diagrams with h 0 and H 0 , respectively. In eqs. (16), (17) and (18) Re applied to the self-energies denoted by Π takes the real part of the loop integrals, but leaves the possible complex couplings unaffected. Finally, the coupling counter term δS
where the subindex ∆ means that only the part proportional to the UV divergence parameter ∆ is taken. The explicit expressions for the shifts of the parameters in (20) can be found in [20] . Note that
One-loop gluon contribution
The one-loop virtual gluon contribution to Γ(h 0 → cc) is given by
1 contains terms originating from the vertex correction, the wave-function correction and the coupling correction due to gluon interaction,
The individual contributions in δS c,g
where r = 0 in the DR scheme and r = 1 in the MS scheme. B k ,Ḃ k and C k are the twoand three-point functions
with k = 0, 1. Summing up eqs. (23)- (25) one can write δS c,g
Furthermore, we will use the result for the hard gluon radiation, given in Appendix B. We can write eq. (69) in the form
Combining (21), (29) and (30) for the gluon one-loop corrected convergent width we obtain
is the result of [21] and its explicit expression can be found therein or e.g. in [18, 22, 23] . Eq. (31) can be written in a compact form as
where m c | OS denotes the on-shell (OS) charm quark mass. Note that the result for the photon one-loop corrected convergent width is obtained from (32) by making the replacement 4 3 α s → e 2 c α:
and from eq. (25) using eqs. (82) and (83) we get
where in (36) we have absorbed the logarithm of δm
Combining eq. (35) with eqs. (36) and (37) one can see that the one-loop level Γ g (h 0 → cc) does not depend on the parameter r. In the numerical evaluation of m c | SM we follow the recipe given in [24] , starting with eq. (4) and we use α (2) s (Q) given therein. In all other cases we take α s (Q) from SPheno [25, 26] , where it is calculated at two-loop level within the MSSM. In order to stay consistent, in our numerical calculations we have included in addition only the gluonic α 2 s contributions, taken from [23] . With these,
One-loop gluino contribution and decoupling limit
The one-loop gluino contribution to Γ(h 0 → cc) , Fig. 3 and Fig. 4 , renormalised in the DR scheme reads
δS c,g 1 acquires contributions from the vertex correction (Fig. 3) , the wave-function correction (Fig. 4) and the coupling correction due to gluino interaction,
In the following we will use the abbreviations α ij = Uũ * i2 Uũ j2 + Uũ * i5 Uũ j5 and β ij = Uũ * i2 Uũ j5 + Uũ * i5 Uũ j2 . Note that applying Einstein sum convention we get α ii = 2 and β ii = 0. Neglecting the charm quark mass and the Higgs boson mass compared to the squark and gluino masses, one can write the individual contributions as
where the coupling Gũ ij1 is given in eq. (65) of Appendix A. For the following discussion of the gluino contribution in the large mg limit we give the charm mass counter term δmg c in the OS scheme, which has a UV divergent and a finite contribution, 
In the DR scheme we need only the UV divergent part of (44) which is
∆ is the UV divergence factor. In eqs. (41) 
The total correction δS c,g 1 (eq. (40)) is given by DR scheme : δS
OS scheme : δS
As B (50) is UV convergent.
In the limit mg → ∞, from (94) it follows mgC ij 0 → 0 and from (87) it followsḂ i 0 → 0. However, in this limit (78) and (79) In the DR scheme for mg → ∞, we get
At first sight it seems that the gluino contribution does not decouple for mg → ∞. However, the tree-level coupling s c 1 (eq. (10)) contains a factor m c . We have
where we take m c (m c )| MS = 1.275 GeV as input [27] . δmg c is due to the self-energy contributions with gluino (see Figs. 4(a) and 4(b)). We get
Thus the sum Γ tree + δΓg is indeed decoupling for mg → ∞. Analogously, this also holds for the chargino and neutralino contributions.
Total result for the width at full one-loop level
Finally, we want to sum up all contributions to get the total result for Γ(h 0 → cc) at full one loop level.
The one-loop result including gluino and EW contributions reads
where Γ tree , δΓg and δΓ EW are given by eqs. (9), (39) and (13), respectively. Note that eq. (54) is a series expansion around Γ tree (m c ) = Γ tree (m c (m h 0 )| DR ). However, the improved result with gluon contribution (eq. (38)) given by
is a series expansion around Γ tree (m c | SM ). In order to combine eqs. (54) and (55) in a consistent way we write:
and therefore
Thus, our total result can be written in the form
where the new gluon contribution δΓ g is given by
In order to demonstrate clearly the effect of QFV in the MSSM, we have explicitly chosen a reference scenario with a rather strongc −t mixing. The MSSM parameters at Q = 125.5 GeV m h 0 are given in Table 1 . The resulting physical masses of the particles are shown in Table 2 . The flavor decomposition of the two lighter squarksũ 1 andũ 2 can be seen in Table 3 . This scenario satisfies all present experimental and theoretical constraints given in Appendix D. For calculating Table 4 ), we use the public code SPheno v3.3.3 [25, 26] . The width Γ(h 0 → cc) at full one-loop level in the MSSM with QFV is calculated on the basis of the formulas given above with the help of FeynArts [28] and FormCalc [29] . We also use the SSP package [30] . In the following plots we show the QFV parameter dependences of the full one-loop level width Γ(h 0 → cc) of eq. (58) around the reference point of Table 1 (c R −t R mixing), with the other parameters fixed as in Table 1 . In Fig. 5(a) we show the width in MeV as a function of δ Table 1 indicated by X. In the allowed region this width can vary from 0.1 MeV to 0.14 MeV. As can be seen, there is a rather strong dependence on δ uRR 23 . In Fig. 5(b) we show the deviation of the Γ(h 0 → cc) from the SM width Γ SM (h 0 → cc) = 0.118 MeV [6] . This deviation varies between -15% and 20%. It is interesting to mention that we obtain Γ QFC (h 0 → cc) = 0.116 MeV for the full one-loop width in the QFC MSSM case for our reference scenario corresponding to Table 1 . This means that the QFC supersymmetric contributions change the width Γ(h 0 → cc) by only ∼ -1.5% compared to the SM value. Comparing our QFC one-loop result with FeynHiggs-2.10.2 [31] we have a difference less then 1%. Note that the mass of the lightest squarkũ 1 can vary in the allowed region between 650 GeV and 850 GeV, as seen in Fig. 5(c) . Note also that in Figs. 5(a) and 5(b) the QFV parameter −0.3 < δ uRR 23 < 0.3 is not restricted by the constraints from the B sector, but from the mass of the lightest stop (corresponding to the lightest squark mass shown in Fig. 5(c) ) and the lightest neutralino (see Table 2 ) in the context of simplified MSSM with QFC [32] . In principle, this experimental restriction on the lightest stop mass does not hold for the case of QFV, and a wider range of δ uRR 23 is allowed [33] .
In Figs. 6(a) and 6(b) we show the dependence of the width Γ(h 0 → cc) on the QFV parameters δ (c L −t R mixing) with the other parameters fixed as in Table 1 . In the allowed range the width can vary between 0.08 MeV and 0.15 MeV. The deviation of Γ(h 0 → cc) from the SM value Γ SM (h 0 → cc) lies between -30% and 25% (Fig. 6(b) ). Fig. 6(c) shows the dependence of the mass mũ 1 .
In analogy we show in Fig. 7 the corresponding plots for the dependences on the QFV parameters δ uRR 23 and δ uRL 23 . As seen in Fig. 7(a) , the width Γ(h 0 → cc) varies in the allowed region between 0.07 MeV and 0.15 MeV. The deviation from the SM value 
is between -35% and 30% (see Fig. 7(b) ). The mass ofũ 1 varies between 600 GeV and 850 GeV, as seen in Fig. 7(c) .
In Fig. 8 we show the dependence of δΓ X /Γ SM (h 0 → cc) on the QFV parameters δ that the electroweak loop contributions δΓ EW cannot be neglected with δΓ EW /Γ SM being around 5%. Clearly, its dependence on the QFV parameters is weak.
The strong dependences of the width Γ(h 0 → cc) on the QFV parameters shown in this section can be explained as follows. First of all, the scenario chosen is characterised by large QFV parameters, which in our case are the largec L,R −t L,R mixing parameters δ (65)), which additionally enhances theũ 1,2ũ * 1,2 h 0 couplings and thus also the vertex gluino contributions of Fig. 3 in case of QFV. Figure 8 : Dependences on the QFV parameters of the one-loopg, EW and improved g contributions to the width Γ(h 0 → cc). Note that for theg and EW contributions only the one-loop scale independent part is shown as in the DR scheme the scale dependent part cancels with the tree-level scale dependent part.
5 Observability of the deviation of Γ(h 0 → cc) from its SM value at ILC Observation of any significant deviation of the width Γ(h 0 → cc) from its SM prediction signals new physics beyond the SM. It is important to estimate the uncertainties of the SM prediction reliably in order to confirm such a deviation. Once the deviation is discovered, one has to work out the new physics candidates suggesting it.
The uncertainties of the SM prediction come from two sources [34] [35] [36] [37] . One is the parametric uncertainty and the other is the theory uncertainty. The former is due to the errors of the SM input parameters such as m c (m c )| MS and α s (m Z )| MS , and the latter is due to unknown higher order corrections. The theory uncertainty is estimated mainly by renormalisation-scale dependence uncertainties which are indicative of not knowing higher order terms in a perturbative expansion of the corresponding observable. These scale dependence uncertainties are estimated by varying the scale Q from Q/2 to 2Q [34] [35] [36] . (Note that in our case Q = m h 0 .)
In order to estimate the uncertainty of the width Γ(h 0 → cc) in the MSSM with QFV at our reference point we proceed in an analogous way. We calculate the parametric uncertainty in the width Γ(h 0 → cc) due to errors in the inputs m c (m c )| MS and α s (m Z )| MS following [38] 
where as input we take m c (m c )| MS = 1.275 GeV with δm c /m c = 2% [39] , and α s (m Z ) = 0.1185 with δα s /α s = 0.5% [40] . δX/X denotes the relative error of the quantity X. At our reference point of Table 1 we get
Note that the parametric uncertainties due to errors of the other SM input parameters, such as m b , are negligible. The theory uncertainty of the width for our reference point is shown on Fig. 9 . We have: δΓ/Γ(h 0 → cc) =
+0.11%
−0.46% , where Γ(h 0 → cc) is the improved one-loop corrected width of eq. (58). Thus, for this uncertainty we take ∼ 0.5%. For the total error in the width at our reference point we get
where the parametric uncertainties are added quadratically and the theory uncertainty is added to them linearly. The obtained total uncertainty (62) at our reference point is ∼ ±6.1% (at 68% CL), which is in good agreement with the estimated total uncertainty of Γ SM (h 0 → cc), see Table 13 of [36] . Note that the uncertainty in the coupling is half of the uncertainty in the width.
As seen in Section 4, the deviation Γ(h 0 → cc)/Γ SM (h 0 → cc) can be as large as ∼ ±35%. Such a large deviation can be observed at ILC (500 GeV) with 1600 (500) fb −1 , where the expected experimental error in the width is ∼3% (5.6%) [41, 42] . A measurement of Γ(h 0 → cc) at LHC (even with the high luminosity upgrade) is demanding due to uncertainties in the charm-tagging.
Conclusions
We have calculated the width Γ(h 0 → cc) at full one-loop level within the MSSM with quark flavor violation. In particular, we have studiedc R,L −t R,L mixing, taking into account the experimental constraints from B-physics, m h 0 and SUSY particle searches. The width Γ(h → cc) turns out to be very sensitive toc R,L −t R,L mixing.
In our calculation we have used the DR renormalisation scheme. In particular, we have derived the explicit formula for the dominant gluino loop contribution. We also have performed a detailed numerical study of the QFV parameter dependence of the width. Whereas the width Γ(h 0 → cc) in the QFC MSSM case is only slightly different from its SM value, in the QFV case this width can deviate from the SM by up to ∼ ±35%.
We have estimated the theoretical uncertainties of Γ(h 0 → cc) and have shown that the SUSY QFV contribution to this width can be observed at the ILC.
• In the super-CKM basis, the interaction of the lightest neutral Higgs boson, h 0 , with two up-type squarks is given by
The coupling Gũ ij1 reads
where the sum over k, l = 1, 2, 3 is understood. Here Uũ is the mixing matrix of the up-type squarks
Note that (T U ) kl in (65) are given in the SUSY Les Houche Accord notation [43] .
• The interaction of gluino, up-type squark and a charm quark is described by
where T α are the SU(3) colour group generators and summation over r, s = 1, 2, 3 and over α = 1, ..., 8 is understood. In our case the parameter M 3 = mge iφ 3 is taken as real, φ 3 = 0.
B Hard gluon/photon Bremsstrahlung
The convergent one-loop gluon/photon corrected decay width in the limit of vanishing gluon/photon mass, λ = 0, is given by
The hard gluon radiation width reads
with the integrals [44]
where Li s (z) is the polylogarithm function, defined by the infinite sum
The expression for the hard photon radiation width Γ hard (h 0 → ccγ) is obtained from (69) by making the replacements C F = 4/3 → e 2 c = 4/9 and α s → α = e 2 /(4π).
C Simplified formulas for the two-and three-point functions
In our analytic calculations we neglect the squared masses of the charm quark and the lightest neutral Higgs boson, m (77)
with ∆ the UV divergence factor and Q the renormalisation scale. 
1/2 and Li s (z) is defined with (73) . (94)
Note, that the expression (94) vanishes for fixed m 2 and m 1 → ∞.
D Theoretical and experimental constraints
Here we summarize the experimental and theoretical constraints taken into account in the present paper. The constraints on the MSSM parameters from the B-physics experiments and from the Higgs boson measurement at LHC are shown in Table 4 . The BaBar and Belle collaborations have reported a slight excess of B(B → D τ ν) and B(B → D * τ ν) [45] [46] [47] . However, it has been argued in [48] that within the MSSM this cannot be explained without being at the same time in conflict with B(B u → τ ν).
Using the program SUSY FLAVOR [49] we have checked that in our MSSM scenarios no significant enhancement occurs for B(B → D τ ν). However, as pointed out in [50] , the theoretical predictions (in the SM and MSSM) on B(B → D l ν) and B(B → D * l ν) (l = τ, µ, e) have potentially large theoretical uncertainties due to the theoretical assumptions on the form factors at the B D W + and B D * W + vertices (also at the B D H + and B D * H + vertices in the MSSM). Hence the constraints from these decays are unclear. Therefore, we do not take these constraints into account in our paper.
In [51] the QFV decays t → qh with q = u, c, have been studied in the general MSSM with QFV. It is found that these decays can not be visible at the current LHC runs due to the very small decay branching ratios B(t → qh).
For the mass of the Higgs boson h 0 , taking the naive combination of the ATLAS and CMS measurements [1, 2] m h 0 = 125.15 ± 0.24 GeV [3] and adding the theoretical uncertainty of ∼ ±2 GeV [52] linearly to the experimental uncertainty at 2 σ, we take m h 0 = 125.15 ± 2.48 GeV. In addition to these constraints we also require our scenarios to be consistent with the following experimental constraints:
(i) The LHC limits on the squark and gluino masses (at 95% CL) [32, : In the context of simplified models, gluino masses mg 1 TeV are excluded at 95% CL. The mass limit varies in the range 1000-1400 GeV depending on assumptions. First and second generation squark masses are excluded below 900 GeV. Bottom squarks are excluded below 600 GeV. A typical top-squark mass limit is ∼ 700 GeV. In [86, 87] a limit for the mass of the top-squark mt > ∼ 500 GeV for mt − m LSP = 200 GeV is quoted. Including mixing ofc R andt R would even lower this limit [33] .
(ii) The LHC limits on mχ± 1 and mχ0 1 from negative searches for charginos and neutralinos mainly in leptonic final states [32, 88, 89] .
(iii) The constraint on (m A 0 ,H + , tan β) from the MSSM Higgs boson searches at LHC [1, 2, 90] .
(iv) The experimental limit on SUSY contributions on the electroweak ρ parameter [91] : ∆ρ (SUSY) < 0.0012.
Furthermore, we impose the following theoretical constraints from the vacuum stability conditions for the trilinear coupling matrices [92] :
